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HIGH-VELOCITY PARTICLES 

By Francis  S. Stepka and C. Robert Morse 

SUMMARY 

Metal specimens ac t ing  as a w a l l  of a l i q u i d - f i l l e d  tank were impacted by 
s m a l l  high- speed p a r t i c l e s .  The specimens were 1/32- and 1/16-inch-thick 2014- 
T6 and 7075-T6 aluminum and l/32-inch-thick 60-percent-cold-reduced AIS1 301 
stainless s tee l .  The l i q u i d s  used were water, glycerin, and nitrogen. The im- 
pacting par t ic le 's  were primarily 7/32-inch-diameter spheres of d i f f e r e n t  mate- 
r i a l s  and densi t ies .  Impacts were made a t  v e l o c i t i e s  up t o  7500 f e e t  per second. 

Catastrophic f ractur ing,  r a t h e r  than simple puncturing, of tank w a l l s  made 
of aluminum generally resu l ted  a t  impact v e l o c i t i e s  between 2850 and 6900 f e e t  
per second. No f r a c t u r i n g  of s t a i n l e s s - s t e e l  specimens on water - f i l l ed  tanks 
was obtained even a t  t h e  maximum c a p a b i l i t i e s  of the  gun used. 

The pressure pulse generated i n  the  l i q u i d  by the  impacting p a r t i c l e  ap- 
pears  t o  be t h e  primary cause of most of t h e  fractures .  The dynamic s t r e s s e s  
generated i n  the  specimen by the c ra te r ing  and puncturing ac t ion  of the  p a r t i c l e  
and t h e  i n i t i a l  s t a t i c  s t r e s s  due t o  tank pressurizat ion a l s o  contr ibute  t o  the  
f r a c t u r i n g  . 

The c h a r a c t e r i s t i c s  of the pressure pulse generated i n  water - f i l l ed  tanks 
by t h e  impact, the  ve loc i ty  of propagation of t h e  shock f r o n t  generated i n  t h e  
water, and t h e  time required f o r  specimens t o  f r a c t u r e  a f t e r  impact were deter-  
mined, 
gated, the  pressure pulses  generated i n  the  water and the  r e s u l t i n g  forces  con- 
t r i b u t i n g  t o  catastrophic  f rac tur ing  of the specimens a r e  l o c a l  phenomena and 
a r e  independent of t h e  tank s i z e  i f  the  radius  i s  grea te r  than a few inches. 

These data ind ica te  t h a t ,  f o r  t h e  mater ia ls  and t h e  thicknesses inves t i -  

INTRODUCTION 

A s  the  vehicles  grow l a r g e r  and the mission times become longer, there  i s  
increasing concern over the  danger of meteoroids penetrat ing the  space vehicles  
( r e f .  1). The hazard may be even more severe f o r  l iquid-propel lant  tanks be- 
cause pressure forces  generated i n  the  contained l i q u i d  as a r e s u l t  of impact 
may r e s u l t  i n  catastrophic  f a i l u r e  r a t h e r  than simple penetration. Catastrophic 



f a i l u r e  i s  considered t o  e x i s t  when tear ing  or complete blowout of t h e  tank w a l l  
occurs such t h a t  r e p a i r s  t o  prevent l o s s  of l i q u i d  while the  vehicle i s  i n  f l i g h t  
would not be possible.  
gation of t h i s  p o t e n t i a l  hazard. 

This repor t  presents  the  i n i t i a l  r e s u l t s  of an inves t i -  

I For vehicles  requir ing propulsion a f t e r  reaching o r b i t a l  veloci ty ,  t h e  pro- 
p e l l a n t  tanks w i l l  of ten be t h e  components with the grea tes t  weight and exposed 
area. A s  a r e s u l t ,  t h e  meteoroid problem may be of greater  concern f o r  the  pro- 
p e l l a n t  tank than f o r  any other component of the  vehicle. 
may be required could have a very s igni f icant  e f f e c t  on t o t a l  vehicle  weight. 

The protect ion t h a t  

Considerable research, both experimental and ana ly t ica l ,  has been conducted 
on the  penetrat ion mechanism of high-speed par t ic les .  
summarized i n  reference 2, was concentrated mostly on thick,  unstressed ta rge ts .  
Some ana ly t ica l  s tud ies  ( re fs .  3 and 4)  have considered the  problem of punching 
holes i n  s t ressed sheets and have evaluated the  t r a n s i e n t  s t r e s s  d i s t r ibu t ions .  
The hole-punching process r e s u l t s  i n  a s t r e s s  concentration and a peak t r a n s i e n t  
s t r e s s  near the  hole t h a t  may be approximately 10 percent higher than t h e  s t a t i c  
s t r e s s  t h a t  would exist i n  a s t ressed  sheet with t h e  hole present. The e f f e c t s  
of t r a n s i e n t  pressure forces  within a contained l i q u i d  t h a t  r e s u l t  from shock 
waves rad ia t ing  outward from the  point  of inpact have not been considered. 
some conditions of impact, t h e  w a l l  s t r e s s e s  induced by these shock waves can 
reach values subs tan t ia l ly  grea te r  than those induced by simply punching a hole 
i n  a s t ressed  sheet. 

!Phis research, which i s  

Under 

References 5 and 6 ind ica te  t h a t ,  i n  t h e  zero-gravity condition, the  l i q u i d  

As  a con- 
contained i n  an unbaffled tank w i l l  be i n  contact with t h e  tank walls and t h a t  
any gas present  w i l l  tend t o  form a pocket i n  t h e  center  of the  tank. 
sequence, pressure r i s e s  w i l l  be generated i n  t h e  contained l i q u i d  f o r  a l l  im- 
pacts  on t h e  tank w a l l  regardless  of the  point  of impact. 

The importance of determining conditions t h a t  can lead  t o  catastrophic  fa i l -  
ure of propel lant  tanks when impacted by small, high-velocity p a r t i c l e s  such as 
meteoroids i s  apparent from t h e  previous discussion. E a r l i e r  inves t iga t ions  
have not studied t h e  combined e f f e c t s  of high-velocity impact on t h i n  w a l l s  i n  
contact with a l iqu id .  This report ,  therefore ,  presents  preliminary r e s u l t s  
from an inves t iga t ion  d i rec ted  a t  obtaining an understanding of the  f a c t o r s  af- 
f e c t i n g  catastrophic  propellant-tank failure r e s u l t i n g  from high-velocity impact. 

m e  inves t iga t ion  w a s  conducted a t  impact v e l o c i t i e s  from 1650 t o  7500 f e e t  
per second. Tank w a l l s ,  1/32 and 1/16 inch thick,  made of 7075-T6 and 2014-T6 
aluminum and 60-percent-cold-reduced AIS1 301 s t a i n l e s s  s t e e l  were impacted by 
spheres ranging from 1/16 t o  7/32 inch i n  diameter t h a t  were made of nylon, 
aluminum, s t e e l ,  or  tungsten carbide. The contained f l u i d s  invest igated were 
water, glycerin,  and l i q u i d  nitrogen. 

FACTORS AFZECTING FRACTURE 

When a high-velocity p a r t i c l e  impacts a tank w a l l  i n  contact with a l iqu id ,  
dynamic s t r e s s e s  a re  f i r s t  induced i n  the  w a l l  by the c ra te r ing  and puncturing 
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ac t ion  of the  par t ic le .  
and circumferent ia l  t e n s i l e  s t r e s s e s  i n  t h e  w a l l .  
t h e  e l a s t i c  s t r a i n  energy absorbed i n  the  c ra te r ing  process i s  released, and 
r a d i a l  t e n s i l e  and circumferential  compressive s t r e s s e s  a r e  induced. The punc- 
t u r i n g  ac t ion  induces dynamic f l e x u r a l  s t r e s s e s  i n  t h e  wall because of the  re -  
s is tance t o  shearing offered by the w a l l .  
w a l l  and impacted the  contained l iqu id ,  p a r t  of the  k i n e t i c  energy o r  momentum 
of t h e  p a r t i c l e  i s  converted i n t o  a pressure wave t h a t  emanates from the  impact 
point. This pressure wave induces addi t iona l  s t r e s s e s  i n  t h e  tank w a l l .  These 
s t r e s s e s  alone, or i n  combination with those induced by the  c ra te r ing  ac t ion  and 
t h e  puncturing of the w a l l ,  p lus  any s t a t i c  s t r e s s  i n  the  w a l l  due t o  i n i t i a l  
tank pressurizat ion,  may be l a r g e  enough t o  r e s u l t  i n  catastrophic  f r a c t u r e  of 
the  tank w a l l .  
the  s t r e s s  i n  the  w a l l  required t o  induce a f a i l u r e  i s  considerably l e s s  than 
t h a t  i n  a w a l l  without a hole. 

The c ra te r ing  ac t ion  f i r s t  induces r a d i a l  compressive 
After t h e  w a l l  i s  penetrated,  

After the p a r t i c l e  has penetrated the  

Because t h e  puncture has created a s t r e s s  concentration region, 

The f a c t o r s  a f fec t ing  t h e  s t r e s s e s  induced i n  a tank w a l l  of a given thick-  
The dynamic ness and mater ia l  impacted by a high-speed p a r t i c l e  a r e  as follows: 

s t r e s s e s  i n  t h e  w a l l  due t o  impact and penetrat ion a r e  functions of 

(1) P a r t i c l e  ve loc i ty  

( 2 )  P a r t i c l e  mater ia l  and/or densi ty  

(3) P a r t i c l e  s i z e  

(4 )  P a r t i c l e  shape 

The s t r e s s e s  i n  the  w a l l  due t o  t h e  l i q u i d  pressure a r e  functions of 

(1) Liquid s t a t i c  pressure 

( 2 )  L iquid  dens i ty  

(3) Liquid ve loc i ty  of sound 

(4)  Liquid temperature 

(5 )  P a r t i c l e  ve loc i ty  

( 6 )  P a r t i c l e  mater ia l  and/or densi ty  

( 7 )  P a r t i c l e  s i z e  

(8) P a r t i c l e  shape 

(Some of these f a c t o r s  may possibly be grouped together i n t o  parameters such as 
p a r t i c l e  k i n e t i c  energy or  momentum and l i q u i d  compressibil i ty.)  

I n  addi t ion t o  these  fac tors ,  the  catastrophic f r a c t u r e  of a tank w a l l  of a given 
mater ia l  would be affected by 
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(1) Amount of cold working and hea t  treatment 

(2) Shape and s ize  of hole and/or microcracks from impact 

(3) Material  s t rength proper t ies  a t  high-strain-rate  loading 

( 4 )  Material  s t rength proper t ies  a t  temperature of l i q u i d  

Preliminary analyses were made t o  r e l a t e  some of the  f a c t o r s  a f f e c t i n g  the 
f a i l u r e  mechanism i n  an attempt t o  provide a b a s i s  f o r  the  presentat ion of the  
data  and a r e  discussed i n  t h e  sect ion RFSULTS AND DISCUSSION. 

APPARATUS 

The t e s t  apparatus consisted of the  range equipment, t e s t  tanks, t e s t  speci- 
mens, and associated instrumentation f o r  evaluating the  e f f e c t  of high-velocity 
impact i n t o  l i q u i d - f i l l e d  containers.  

Range Equipment 

A .22 c a l i b e r  r i f l e  w a s  used t o  accelerate  the  p a r t i c l e s .  The r i f l e  w a s  
mounted on a t a b l e  as shown i n  f igure  1 and w a s  f i r e d  remotely. The powder 
charges were var ied t o  control  t h e  ve loc i ty  of the  p a r t i c l e s .  The impacting 
p a r t i c l e s  were mostly spheres of nylon, aluminum (2014-T6), s t e e l  (chrome a l l o y ) ,  
or tungsten carbide. 
diameter. 
diameter and approximately 0.6 inch long. 
gun bore were projected by means of a sabot ( f ig .  1). 
cyl inder  0.22 inch i n  diameter and length. 

The s i z e s  of the spheres ranged from 1/16 t o  7/32 inch i n  

Spherical  p a r t i c l e s  smaller than the  
A l imi ted  number of p r o j e c t i l e s  were copper cyl inders  7/32 inch i n  

The sabot w a s  a nylon 

Blast sh ie lds  were located about 6 inches from the  muzzle of the  r i f l e  t o  
pro tec t  the  ve loc i ty  measuring sensors from damage when t h e  r i f l e  w a s  discharged. 
A sabot def lec tor  w a s  located 4 inches downstream of t h e  b l a s t  shields.  This 
device def lected and separated the  sabot from the accelerated p a r t i c l e .  A p a i r  
of sensors t o  measure p a r t i c l e  ve loc i ty  w a s  located down range from t h e  sabot de- 
f l e c t o r .  Each sensor consisted of a 0.25-mil Mylar sheet with a l a y e r  of vapor- 
deposited aluminum approximately 100 angstroms th ick  on each s ide of the  Mylar. 
Penetrat ion of each of the  sensors by a p a r t i c l e  resu l ted  i n  the  shorting of t h e  
two l a y e r s  of aluminum of the  sensor, which permitted a capacitor t o  discharge. 
The successive discharge pulses were monitored by an e lec t ronic  event timer. 

Test Tanks 

Two types of tanks were employed i n  the  investigation. One type w a s  a 
cy l indr ica l  metal tank t h a t  w a s  designed with one end readi ly  removable. 
removable end const i tuted t h e  t e s t  specimen f o r  each run. This type of tank w a s  
used pr imari ly  f o r  t h e  determination of t h e  res i s tance  t o  f r a c t u r e  of various 
mater ia ls  and thicknesses as a r e s u l t  of impact. The other type of tank w a s  

This 
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rectangular i n  shape and had an open top; t h i s  tank, made of transparent p l a s t i c ,  
had one removable end made of sheet metal t h a t  acted as t h e  t e s t  specimen. The 
transparent tank w a s  used primarily t o  inves t iga te  the  shock waves t h a t  were pro- 
pagated within the tank f l u i d  upon impact. 

Two s i z e s  of c y l i n d r i c a l  tanks were used. The s m a l l  tank had an ins ide  
diameter of 1 2  inches and w a s  9 inches deep; t h e  la rge  tank w a s  approximately 
30 inches i n  diameter and 37 inches deep. The volumes of the  two tanks were 0.6 
and 15.1 cubic f e e t ,  respectively.  A photograph of the two tanks and a t e s t  
specimen i s  shown i n  f igure  2. For the  t e s t s  with water and glycer in  as the  con- 
ta ined  l iqu id ,  the  tanks were made of s t e e l  pipe. For t h e  t e s t  with l i q u i d  ni-  
trogen, an insulated aluminum a l l o y  tank of the same s ize  as the small s t e e l  tank 
w a s  used. 

The t ransparent  p l a s t i c  tanks each had a 1/32-inch-thick 7075-T6 aluminum 
a l l o y  sheet as one of the  w a l l s .  Two s i z e s  of these tanks were used; one meas- 
ured 1 by 1 by 1 f o o t  and t h e  other 2 by 2 by 1 foot. The metal s ides  o r  speci-  
mens on these tanks were 1 and 2 f e e t  square, respectively.  O n l y  water w a s  used 
i n  these  tanks. 
ure 3. 

A photograph of t h e  l a r g e  tank ( a f t e r  impact) i s  shown i n  f i g -  

Test Specimens 

The t e s t  specimens on the metal tanks were octagonal i n  shape, as shown i n  
f i g u r e  2. The t e s t  sect ion of these specimens w a s  a c i r c l e  ll inches i n  diam- 
eter .  The specimens were made of two aluminum al loys,  2014-T6 and 7075-T6, and 
of a s t a i n l e s s - s t e e l  a l loy,  60-percent-cold-reduced AIS1 301. The aluminum 
specimens were 1/32 and 1/16  inch thick,  and the  s t a i n l e s s - s t e e l  specimens were 
1/32 inch thick. 
s t rength proper t ies  a t  cryogenic temperatures, which would probably be required 
f o r  propellant-tank application. 

The mater ia ls  were selected because of t h e i r  r e l a t i v e l y  high 

Instrumentation 

I n  addi t ion t o  t h e  instrumentation used t o  measure t h e  ve loc i ty  of t h e  i m -  

Two p lezoe lec t r ic  c r y s t a l  pickups were located i n  t h e  
pacting p a r t i c l e ,  described i n  the  sect ion Range Equipment, the  following ins t ru-  
mentation w a s  a l s o  used. 
water of the  t ransparent  tank near t h e  impact region t o  determine t h e  l o c a l  pres- 
sure change i n  t h e  water with respect t o  time due t o  t h e  pressure wave generated 
by t h e  impacting par t ic le .  
pounds per square inch. 
diameter and 5/16 inch long. 

The pickups had an upper pressure limit of 20,000 
The pickup sensing u n i t  w a s  approximately 3/16 inch i n  

The c h a r a c t e r i s t i c s  of the  pressure wave generated by impact were a l s o  
evaluated v i s u a l l y  from high-speed photographs of the  progress of t h e  shock-wave 
f r o n t  as viewed through the  s ide of a water - f i l l ed  transparent p l a s t i c  tank. A 
continuous wri t ing camera with a maximum wri t ing r a t e  of 1 . 6  mil l ion frames per 
second w a s  used. The damage t o  t e s t  specimens caused by t h e  impact and penetra- 
t i o n  of the  p a r t i c l e s  w a s  recorded by photographing the  f r o n t  faces  of t h e  t e s t  
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specimens. 
specimens) and side of the transparent water-filled tank simultaneously was em- 
ployed. This photographic procedure permitted direct correlation of the speci- 
men time to fracture with the progress of the shock wave in the liquid. 

In some instances a technique of photographing the front face (metal 

Impacts Into Specimens 

The procedure was to fire the individual particles into a test specimen that 
was attached to a metal tank filled either with water, glycerin, or liquid nitro- 
gen and to observe the resulting damage. Specimens were tested without an ini- 
tial static stress (unstressed) and with an initial effective static stress equal 
to the yield strength of the material. 
pressurization of the tank and gave a 1-to-1 biaxial stress field. The procedure 
used to determine the relation between static tank pressure and the initial sta- 
tic stress level in the specimens is described in the section Stress Level and 
Distribution in Specimens. 

This stress was induced by appropriate 

Transient Pressure Measurements 

The procedures for determining the characteristics of the pressure pulse 
generated in water by the impact will be considered next. One of the methods 
used was to obtain a shadowgraph of the progress of the shock front generated by 
impact, as viewed through the sides of a water-filled transparent plastic tank. 
The progress of the shock front was obtained by observing the individual frames 
of photographs of the shock front taken with the high-speed framing camera. The 
shock-front velocity was determined from the known film framing rate and the ob- 
served motion of the shock front from frame to frame. When the shock-front 
velocity and the relation between this velocity in water and pressure as pre- 
sented in reference 7 were known, the pressure at the shock front as it moved 
away from the impact point was determined. 
using piezoelectric crystal pressure pickups mounted in the water-filled tanks 
near the impact point. The output of the gages was transmitted to an oscillo- 
scope from which a photographic record of the traces was obtained. From the 
trace of the voltage output of the gage and a manufacturerfs calibration cf the 
voltage-pressure characteristics of the gage, the local pressure change of the 
liquid with time was determined. 

The pressure was also determined by 

RESULTS AND DISCUSSION 

Several simple analytical models were considered in an attempt to relate 
some of the factors affecting fracture of a liquid-filled tank as a result of 
impact by a high-velocity particle. 
in the liquid by the impacting particle was considered to be the major factor 
influencing fracture. 
pressure wave could be reflected fromthe walls of the tank. The effects of the 
dynamic stresses induced by the cratering action and puncturing were considered 

In all the analyses the pressure generated 

It was also assumed that fracture occurred before any 
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s m a l l  and, therefore ,  were neglected; however, attempts were made t o  account f o r  
t h e  l o s s  of p a r t i c l e  ve loc i ty  when t h e  tank w a l l  w a s  punctured. With these con- 
d i t i o n s  imposed, a n a l y t i c a l  expressions f o r  t h e  pressures generated by impact 
were sought. 

One of t h e  models considered w a s  one-dimensional impact of two media 
( re f .  2) .  This model provided a r e l a t i o n  f o r  t h e  maximum pressure a t  the  i n t e r -  
face of the  two media as a function of impact ve loc i ty  and the  acoustic imped- 
ances of t h e  media. I n  an attempt t o  include t h e  e f f e c t  of p a r t i c l e  s ize ,  an- 
other model w a s  considered. For t h i s  model it w a s  assumed t h a t  t h e  energy ab- 
sorbed by the  l i q u i d  i n  decelerat ing t h e  impacting p a r t i c l e  i s  used only for pres- 
sure and change i n  volume of t h e  l i q u i d  i n  the  tank affected by impact. The drop 
i n  impact ve loc i ty  through t h e  tank w a l l  w a s  accounted f o r  by using the  empirical  
r e l a t i o n s  f o r  r e s i d u a l  ve loc i ty  of p a r t i c l e s  a f t e r  the  puncture of sheet materi- 
a l s  as presented by Malick i n  the  "Proceedings of the  Third Symposium on Hyper- 
ve loc i ty  Impact." Although some agreement with t rends was  indicated,  applying 
t h e  r e l a t i o n s  obtained t o  t h e  experimental data did not provide a s a t i s f a c t o r y  
cor re la t ion  of t h e  data. The simplified models and analyses used seemed t o  be 
i n s u f f i c i e n t  t o  describe the f r a c t u r e  mechanism completely; therefore ,  a more 
rigorous analysis  i s  considered necessary. 
report ,  t h e  da ta  a t  conditions of f r a c t u r e  f o r  each mater ia l  and thickness of the  
tank w a l l  and for each contained l i q u i d  w i l l  be presented; p a r t i c l e  parameters 
t h a t  appear t o  be s ign i f icant ,  t h a t  i s ,  the p a r t i c l e  k i n e t i c  energy, veloci ty ,  
s ize ,  and mater ia l ,  w i l l  be used. Subsequent analyses may very wel l  ind ica te  
more sa t i s fac tory  parameters f o r  presentat ion of the data. Presentation of these 
d a t a  i n  e s s e n t i a l l y  r a w  form by using these parameters r a t h e r  than waiting uii t i l  
an adequate model w a s  developed f o r  predict ing the f a i l u r e s  w a s  warranted because 
of the  current  i n t e r e s t  i n  the  r e s u l t s  of t h i s  preliminary investigation. 

For t h e  purposes of t h i s  preliminary 

S t r e s s  Level and Distr ibut ion i n  Specimens 

Prior t o  s t a r t i n g  the  primary invest igat ion reported herein,  it w a s  neces- 
sary t o  determine whether a uniform s t r e s s  f i e l d  exis ted i n  the  center  or  impact 
region of t h e  t e s t  specimen, which w a s  given an ln i t ia l  s t a t i c  stress by the 
pressurizat ion of t h e  l i q u i d  i n  the  tank. 
extreme f i b e r  stress i n  t h e  t e s t  specimen i n  the  region of impact f o r  given val-  
ues of l i q u i d  pressurization. 

It was a l s o  necessary t o  determine the  

The extreme f i b e r  s t r e s s  i n  the  w a l l  w a s  determined by measuring t h e  curva- 
t u r e  of the specimen associated with a given pressure within the  tank and then by 
using the following equation, which considers t h e  e f f e c t  of both t h e  membrane and 
bending s t r e s s e s  i n  t h e  specimen: 

where 

S extreme f i b e r  s t r e s s ,  p s i  
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P pressure i n  tank, lb/sq in. 

Liquid 
i n  

tank 

R radius  of curvature of outside surface of specimen, in. 

Temper- 
a ture ,  
O3? 

t thickness of specimen, in. 

Thickness, 
t , 

in. 

1/32 
1/32 
1/16 
1/32 
1/16 
1/32 

E Young's modulus, p s i  

Tank pres- Young's 
sure re-  modulus, 
quired, E, 

p, p s i  
~ b / s q  in. 

165 10. 3a06 
220 ll. 5 
290 10. 3 
135 10.7 
214 10.7 
362 28 

v Poisson's r a t i o  

The calculated values f o r  the  pressures required i n  t h e  tank t o  produce ex- 
treme f i b e r  e f f e c t i v e  s t r e s s e s  equal t o  the  0.2-percent o f f s e t  y i e l d  s t rengths  
of the specimen mater ia ls ,  thicknesses,  and temperatures invest igated a r e  l i s t e d  
i n  t h e  following t a b l e  : 

Mater i a1 

7075-T6 
7075-T6 
7075-T6 
2014-T6 
2014-T6 
AIS1 301 

(60 per- 
cent  
cold re- 
duc ea) 

Water 
Nitrogen 
Water 
Water 
Water 
Water 

I 60 

60 
60 
60 
60 

-320 

Yield 
strength,  

p s i  

74,400 

74,400 
66,200 
66,203 

91,000 

181,000 

The values of Poisson's r a t i o  v used i n  the  s t r e s s  equation f o r  the  aluminum 
a l loys  and f o r  the  s t a i n l e s s  s t e e l  were 0.33 and 0.30, respectively.  The t-dlues 
of Young's modulus were obtained from unpublished data  from the  invest igat ions 
reported i n  references 8 and 9. The 0.2-percent o f f s e t  y i e l d  s t rengths  of t h e  

conditions l i s t e d  i n  t h e  tab le ,  the  r a t i o s  of the calculated bending t o  membrane 
s t r e s s  were approximately 0.15 and 0.36 f o r  the  1/32- and 1/16-inch-thick speci- 
mens, respectively. For these conditions, t h e  middle f i b e r s  w e r e  s t ressed  t o  
approximately 87 and 7 3  percent of the y i e l d  strengths,  respectively.  The bend- 
ing s t r e s s e s  induced by t h e  pressurizat ion of t h e  tank are,  therefore,  a s ignif-  
i c a n t  port ion of t h e  t o t a l  s t a t i c  s t r e s s  i n  t h e  specimen. 

I materials  presented i n  the t a b l e  were obtained from these references. For the  

The s t r e s s  d i s t r i b u t i o n  near t h e  center  of the  specimen on a pressurized 
tank w a s  determined by t h e  use df e l e c t r i c a l - r e s i s t a n c e  s t r a i n  gages. 
sults indicated t h a t , f o r  stress l e v e l s  as l a r g e  as 0.8 of t h e  0.2-percent of fse t  
y ie ld  s t rength of t h e  2014-T6 aluminum, a uniform s t r e s s  f i e l d  exis ted within a 

The re-  

I 
maximum deviation of 5 percent i n  an area circumscribed by a 13-inch radius  from 
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t h e  specimen center. The s t r e s s e s  as determined from the  s t r a i n  gages located 
1/8 inch from t h e  specimen center  agreed within 5 percent with t h e  extreme f i b e r  
s t r e s s  as calculated from t h e  s t r e s s  equation. 

Catastrophic Fracturing Due To Impact 

I 

A summary of the  minimum p a r t i c l e  impact v e l o c i t i e s  and k i n e t i c  energies 
required t o  f r a c t u r e  specimens i s  presented i n  t a b l e  I. 
of the f a c i l i t y  were i n s u f f i c i e n t  t o  r e s u l t  i n  catastrophic  f a i l u r e  f o r  some t e s t  
conditions, For these cases t a b l e  I a l s o  l i s t s  the  maximum impact conditions in- 
vestigated,  although no f r a c t u r e s  occurred. Some of t h e  specimens were given an 
i n i t i a l  hydrostat ic  s t r e s s  equivalent t o  the  y i e l d  s t rength of the  mater ia l  (by 
pressurizat ion of the  tank) before impact by the  high-velocity p a r t i c l e ,  
other specimens were not subjected t o  any i n i t i a l  s t ress .  Each of these groups 
of specimens w i l l  here inaf te r  be designated as "stressed'' and "unstressed" speci- 
mens, respectively,  

The impact c a p a b i l i t i e s  

The 

Stressed aluminum specimens on water - f i l l ed  tank. - Photographs of the  
punctures and the  t y p i c a l  pa t te rns  of f r a c t u r e s  t h a t  were obtained f o r  t h e  speci- 
mens a r e  shown i n  f i g u r e  4, For t h e  1/32-inch-thick specimens, which had a l l  t h e  
d i f f e r e n t  pa t te rns  of f r a c t u r e s  encountered, no r e l a t i o n  between t h e  number of 
cracks and impact energy, veloci ty ,  or p a r t i c l e  mater ia l  w a s  observed. Examina- 
t i o n  of t h e  f r a c t u r e s  indicated t h a t  the  plane of the  f r a c t u r e s  w a s  generally a t  
45' t o  t h e  specimen surface; t h i s  would ind ica te  a shear fa i lure .  
pac ts  made i n t o  p a r t l y  f i l l e d  tanks where the  l i q u i d  l e v e l  was on ly  s l i g h t l y  
above t h e  impact point  resu l ted  i n  f a i l u r e s  similar t o  those obtained on com- 
p l e t e l y  f i l l e d  tanks. 

Several  i m -  

Impacts and penetrat ions by p a r t i c l e s  of various s i z e s  and d i f f e r e n t  mate- 
r i a l s  i n t o  specimens of one mater ia l  and thickness provided data  t o  determine t h e  
e f f e c t  of p a r t i c l e  k i n e t i c  energy, veloci ty ,  mater ia l ,  and s i z e  on catastrophic  
f r a c t u r i n g  of the  specimen. The data  obtained f o r  impacts i n t o  1/32-inch-thick 
stressed 7075-T6 aluminum specimens are shown i n  f igure  5, The data indicate  
t h a t  f o r  a given 7/32-inch-diameter metal p a r t i c l e  there  i s  a k i n e t i c  energy and 
ve loc i ty  below which only puncture of the  specimen r e s u l t s  and above which cata- 
strophic f a i l u r e  r e s u l t s ,  
ne t ic  energy e x i s t s  f o r  each of the p a r t i c l e  mater ia ls  considered i n  the  inves t i -  
gation, above which rupture of the specimen w i l l  occur. The data  of f i g u r e  5 
a l s o  ind ica te  t h a t  f o r  t h e  metal p a r t i c l e s  t h e  c r i t i c a l  ve loc i ty  increases  and 
the  c r i t i c a l  k i n e t i c  energy decreases as t h e  impacting p a r t i c l e  densi ty  decreases. 
The c r i t i c a l  v e l o c i t i e s  f o r  t h e  7/32-inch spheres of tungsten carbide, s t e e l ,  and 
aluminum were 2850, 3300, and 5000 f e e t  per  second, respectively,  and the  asso- 
c ia ted  k i n e t i c  energies were 375, 260, and 215 foot-pounds, respectively.  

It appears t h a t  a d e f i n i t e  c r i t i c a l  ve loc i ty  or ki -  

The da ta  of f i g u r e  5 indicate  t h a t  f o r  the  7/32-inch nylon spheres f r a c t u r e  
of the  t e s t  specimens occurred throughout t h e  range of v e l o c i t i e s  possible  with 
the  r i f l e  used. Examinations of the f r a c t u r e s  of these specimens indicated t h a t  
f o r  specimens impacted a t  v e l o c i t i e s  of about 7000 f e e t  per second a smooth punc- 
t u r e  w a s  obtained and t h e  f r a c t u r e  probably resu l ted  from t h e  pressures  generated 
i n  the water. With impacts a t  low p a r t i c l e  v e l o c i t i e s  of about 1650 t o  3000 f e e t  
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per second, however, t h e  specimen w a s  bent and t o r n  i n  the  v i c i n i t y  of t h e  im-  
pact. This t e a r i n g  ac t ion  by the  low-velocity nylon spheres, r a t h e r  than the  
pressures generated i n  t h e  water, w a s  primarily responsible f o r  the  f rac tur ing  
of these s t ressed  specimens. This conclusion w a s  v e r i f i e d  by the  f r a c t u r e  of 
specimens of 7075-TG aluminum on the t e s t  tank f i l l e d  with nitrogen gas a t  the 
same pressure as t h e  water - f i l l ed  tank and impacted by a low-velocity (about 
3500 f t / s e c )  nylon p a r t i c l e .  
w a s  impacted with a nylon sphere a t  about 6000 f e e t  per second, on ly  a puncture 
resulted.  

When a specimen on the pressurized g a s - f i l l e d  tank 

I n  an attempt t o  determine t h e  e f f e c t  of p a r t i c l e  s ize  and material ,  a 
s e r i e s  of impacts was made with spheres of the following s izes  and materials,  
i n  addi t ion t o  t h e  7 32-inch sphere already mentioned: 
tungsten carbide, 3 / 32-inch aluminum, and 1/16-inch s tee l .  The r e s u l t s  of i m -  
pacts  with these p a r t i c l e s  a r e  a l s o  shown i n  f igure  5. It can be seen t h a t  no 
catastrophic  f a i l u r e s  were achieved with any of these smaller p a r t i c l e s  even a t  
v e l o c i t i e s  as high as 7180 f e e t  per second. It appears, therefore ,  t h a t ,  i n  
addi t ion t o  p a r t i c l e  k i n e t i c  energy, veloci ty ,  and mater ia l ,  p a r t i c l e  s ize  a l s o  
a f fec ts  f racture .  I n  addition, the ve loc i ty  a t  which f r a c t u r e  occurs i s  a l s o  a 
function of t h e  tank w a l l  thickness,  mater ia l ,  and s t r e s s  l e v e l ,  as can be seen 
f r o m  the  r e s u l t s  shown i n  t a b l e  I. 

1/8-inch s t e e l ,  1/8-inch 

The values of c r i t i c a l  v e l o c i t i e s  and energies as obtained from impact i n t o  
1/32-inch-thick s t ressed  specimens of 2014-T6 aluminum a l l o y  were approximately 

7/32-inch-diameter nylon spheres. 
v e l o c i t i e s  from about 3100 t o  7000 f e e t  per second i n t o  t h e  2014-T6 a l l o y  re -  
su l ted  i n  only a puncture compared t o  f r a c t u r i n g  of t h e  7075-T6 a l l o y  a t  veloc- 
i t i e s  from 1650 t o  7000 f e e t  per second. The f r a c t u r e  pa t te rns  obtained with 
t h e  specimens made of 2014-T6 were similar t o  those of the  7075-T6 aluminum. 

I similar t o  those obtained with the  7075-T6 aluminum, except f o r  impact with t h e  
Impacts by these spheres over a range of 

Unstressed aluminum specimens on water - f i l l ed  tank. - Impacts i n t o  un- 
s t ressed  1/32-inch-thick specimens of 7075-T6 aluminum indicated t h a t  f r a c t u r i n g  
of t h e  spe'cimens could o n l y  be obtained with the  7/32-inch aluminum spheres a t  
v e l o c i t i e s  above 6200 f e e t  per second. Impacts by the  nylon, s t e e l ,  and tungsten 
carbide spheres a t  v e l o c i t i e s  as high as 6300, 6100, and 5000 f e e t  per  second, 
respec t ive ly  ( t h e  m a x i m u m  v e l o c i t i e s  general ly  obtained with t h e  gun used), re -  
su l ted  Tn only puncturing of t h e  specimens. Examination of the  specimens i n  t h e  
region of penetrat ion indicated t h a t  a permanent yielding occurred, both i n  t h e  
punctured and f rac tured  specimens, because of the  pressures generated i n  the  
water. The deformation on these specimens w a s  i n  t h e  form of a cusp, the  base 
of which w a s  about 1 inch r a d i a l l y  from the impact point. 

I n  order t o  eliminate t h e  e f fec t  of a decrease i n  the  ve loc i ty  and k ine t ic  
energy of t h e  p a r t i c l e  due to the  puncturing of the  specimen, a group of speci- 
mens were prepunched with a 3/8-inch-diameter hole t h a t  w a s  then sealed i n t e r -  
na l ly  with masking tape ( t o  contain t h e  water). 
masking tape i n t o  t h e  water. These tes t s  thus provided higher veloci ty  impacts 
i n t o  the  water and demonstrated t h e  damaging e f f e c t  of the  generated pressures 
without the  e f f e c t s  of t h e  s t r e s s e s  induced i n  t h e  specimen by puncturing. The 
r e s u l t s  of these  impacts with 7/32-inch spheres indicated t h a t  f r a c t u r e s  of the 

Impact w a s  made through the  
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specimens were only obtained with the metal spheres. No fractures of the speci- 
mens impacted by the nylon spheres were obtained, even at the maximum velocity 
of the gun. The particle velocities and kinetic energies at which fractures 
occurred for these specimens with the prepunched hole were less than those re- 
quired to fracture the specimens without prepunched holes (table I), 

Stainless-steel specimens on water-filled tank. - Fracture of the 1/32-inch- 
thick stressed and unstressed 60-percent-cold-reduced AIS1 301 stainless-steel 
specimens could not be obtained with the 7/32-inch-diameter spheres, even at the 
maximum velocities attainable with the rifle. Also, no fractures resulted when 
a heavier particle (a 7/32-in. -diam. by 0.6-in, -long cylinder of copper) impacted 
the specimen at velocities as high as 4900 feet per. second. The associated ki- 
netic energy of impact was 2365 foot-pounds. The weight of this impacting par- 
ticle was about twice that of the heaviest sphere used. No further investiga- 
tion of the stainless-steel specimens was undertaken with the present gun facil- 
ity. As part of the investigation reported by Lovelace in the "Proceedings of 
the Fourth Symposium on Hypervelocity Impact," 
stainless-steel tanks resulted in catastrophic fractures of the tanks. These 
fractures, however, were obtained at velocities and kinetic energies that were 
higher than in the present investigation. 

several Impacts into water-filled 

Specimens on glycerin-filled tank. - In order to investigate the effect of 
liquid compressibility on the fracture mechanism, glycerin, which is approxi- 
mately half as compressible as water, was used as the liquid in the tank. Be- 
cause of its lower compressibility, it was ex-pected to develop a stronger shock 
wave, For these tests, impacts were made only into unstressed 1/3Z-inch-thick 
7075-T6 aluminum specimens, The results are shown in table I, and, as would be 
expected, indicate that lower impact velocities fractured the specimens on the 
glycerin-filled tank than on the water-filled tank. The velocities, however, 
were not much different. The velocity required to fracture the specimens on the 
glycerin-filled tank was 5900 feet per second for both aluminum and steel 
spheres. Fractures of specimens on the water-filled tank were obtained at 6200 
feet per second with the aluminum spheres but could not be obtained with the 
steel spheres, even at velocities up to 6100 feet per second. Examination of the 
specimens after the impacts indicated that the fracture patterns were similar to 
those obtained on the water-filled tank, but that the deformation of the speci- 
mens was somewhat greater than those obtained on the water-filled tank. 
results gave qualitative if not quantitative verification to the effect of liquid 
compressibility. 

These 

Specimens on liquid-nitrogen-filled tank. - The propellants currently being 
considered for space vehicles include cryogenic liquids. Because of the low 
operating temperatures of materials in contact with these liquids, the properties 
of the materials, such as ultimate strength, ductility, and notch strength, are 
frequently different from room-temperature properties. 
fects of a cryogenic liquid, impacts were made into specimens on a test tank con- 
taining liquid nitrogen (boiling point of -320' F at standard atmospheric pres- 
sure). 
to other cryogenic propellants, such as oxygen and hydrogen. 
nevertheless, provides a low temperature that is only slightly lower than that 
of liquid oxygen. The compressibility of liquid nitrogen is less than that of 

To investigate the ef- 

Nitrogen was used because of its ease and safety of handling as compared 
The nitrogen, 



l i q u i d  hydrogen but grea te r  than t h a t  of l i q u i d  oxygen. 

Typical f r a c t u r e s  of the  s t ressed and unstressed 1/32-inch-thick 7075-T6 
aluminum specimens on a l iquid-ni t rogen-f i l led tank as obtained from impact by 
7/32-inch-diameter spheres a r e  shown i n  f igure  6. 
t h a t  a much more severe f rac tur ing  of the  specimens w a s  evidect when the  con- 
ta ined  f l u i d  w a s  l i q u i d  nitrogen. 
b r i t t l e - t y p e  f r a c t u r e  as evidenced by the  f r a c t u r e  being perpendicular t o  the  
specimen w a l l .  

Comparison with f i g u r e  4 shows 

Examinztion of t h e  f r a c t u r e s  indicated a , 

The c r i t i c a l  v e l o c i t i e s  or k i n e t i c  energies f o r  specimens on the  l iqu id-  
n i t rogen-f i l led  tank were only determined f o r  the  1/32-inch-thick 7075-T6 alumi- 
num a l l o y  impacted by t h e  7/32-inch aluminum spheres only. The r e s u l t s  obtained 
ind ica te  t h a t  the  c r i t i c a l  v e l o c i t i e s  of 5100 and 6900 f e e t  per second f o r  the  
s t ressed  and unstressed tanks, respect ively,  a r e  s l i g h t l y  higher than those ob- 
ta ined  f o r  specimens on the  water-f i l led tank. This i s  what might be expected 
because the  grea te r  compressibil i ty of nitrogen as compared t o  t h a t  of water 
would require  higher v e l o c i t i e s  of impact t o  generate the  pressure t o  cause f r a c -  
ture.  An increase i n  t h e  y i e l d  s t rength and notch s e n s i t i v i t y  of the  specimens, 
the  e f f e c t  of the  low temperature, i s  present also.  Based on these results w i t h  
liquid nitrogen and those with water and glycerin,  which demonstrated t h e  s m a l l  
e f f e c t  of l i q u i d  compressibil i ty,  it would be expected t h a t  t h e  v e l o c i t i e s  re -  
quired t o  f r a c t u r e  specimens on a liquid-oxygen-filled tank would be approxi- 
mately t h e  same as f o r  a l iquid-ni t rogen-f i l led tank. 

Pressure Change Character is t ics  of Liquid Due To P a r t i c l e  Impact 

I n  order t o  obtain an understanding of t h e  c h a r a c t e r i s t i c s  of t h e  pressure 

Only 
pulse generated i n  a l i q u i d  by impact of a high-velocity p a r t i c l e  and i t s  con- 
t r i b u t i o n  t o  f rac ture ,  measurements were made of the pressures generated. 
water w a s  used as t h e  l iqu id .  

This phase of the  inves t iga t ion  w a s  conducted by using t h e  t ransparent  
Because of t h e  l imi ted  number of impacts t h a t  were t o  be made p l a s t i c  tanks. 

f o r  t h i s  phase of t h e  invest igat ion,  maximum v e l o c i t i e s  of impact i n t o  t h e  water 
were desired. I n  order t o  accomplish t h i s ,  impact w a s  made i n t o  the  water 
through a prepunched hole i n  t h e  1/32-inch-thick sheet of 7075-T6 aluminum t h a t  
formed t h e  f r o n t  face  of the  p l a s t i c  t e s t  tank. The punched hole w a s  sealed in-  
t e r n a l l y  with masking tape t o  contain t h e  water. 
progress of the shock f r o n t  i n  the  water a t  various times a f t e r  impact a r e  shown 
i n  f igure  7. The pressure wave w a s  generated by an impact of a 7/32-inch alumi- 
num sphere with a ve loc i ty  of 6690 f e e t  per second. 
shock f r o n t  i s  hemispherical f o r  a l l  times and t h a t  the  center  remains f ixed  a t  
the  point of impact. 
water as functions of distance from the impact point f o r  the impact conditions 
j u s t  described i s  shown i n  f igure  8. 
f ront  veloci ty  as described i n  the section PROCEDURE. 
pressures of about 70,000 pounds per square inch a re  generated within 0 .6  inch 
of the impact region and t h a t  the pressure decays rapidly with distance and ap- 
proaches ambient pressure about 5 inches from the impact point.  For impacts a t  

Typical photographs of t h e  

I 

It can be seen t h a t  the  

A p lo t  of the shock-front veloci ty  and pressure i n  the 

The pressure w a s  determined from the shock- 
The data indicate  t h a t  
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higher ve loc i t ies ,  pressures i n  excess of 100,000 pounds per square inch were 
indicated.  

Measurements of the pressure of the  passing shock wave made by p iezoe lec t r ic  
c r y s t a l  pickups located at dis tances  of 1.44 and 1 . 8 7  inches from t h e  inpact 
point  f o r  the  impact conditions j u s t  discussed a r e  shown i n  f igure  9. The dashed 
curves a r e  t h e  voltage output from t h e  c r y s t a l  pickups converted i n t o  pressure 
of t h e  passing wave. The o s c i l l a t i o n s  a r e  due t o  the  response and n a t u r a l  f r e -  
quency c h a r a c t e r i s t i c s  of t h e  pickups. The pressures of the  passing wave a r e  the  
mean of the  f luc tua t ing  values. Smooth curves through the mean values a r e  shown 
i n  the  figure.  Because of t h e  response c h a r a c t e r i s t i c s  of the  pickups, the  mean 
values of pressures  a r e  v a l i d  only a f t e r  6 microseconds from t h e  time the  pres- 
sure wave i s  f i r s t  detected by the  pickups. No extrapolat ion of the  pressure 
curve w a s  attempted t o  pred ic t  the  pressure of t h e  passing wave f r o n t  a t  zero 
time. Therefore, no comparison with t h e  pressures a t  t h e  shock f r o n t  as deter-  
mined from the  measured shock-front velocity,  as previously described, could be 
made. The measurements indicate  a rap id  decay of pressure with time. I n  addi- 
t ion ,  t h e  pickups d id  not d i sc lose  any addi t iona l  pulses  of significance a f t e r  
t h e  passage of the  shock wave front .  

Effect  of Tank Size 

Based on t h e  r e s u l t s  presented i n  t h e  previous section, it would be ex- 
pected t h a t  the  i n i t i a t i o n  of t h e  f r a c t u r e  would occur within t h e  time duratiorl 
of the pressure pulse. Also, i f  edge e f f e c t s  a r e  not t o  influence t h e  f a i l u r e ,  
f r a c t u r e  should occur before the  longi tudinal  wave i n  the  w a l l  of t h e  specimen 
t r a v e l s  from t h e  impact point  t o  the  edge of the  specimen and back. For t h e  
aluminum specimens i n  t h e  metal tanks, which had a clamping r i n g  with an ins ide  
diameter of 11 inches, t h i s  time would be 41.8 microseconds, based on a longi- 
t u d i n a l  propagation ve loc i ty  of 20,900 f e e t  per second f o r  aluminum. To v e r i f y  
these assumptions, high-speed photographs were taken of the impact i n t o  the  
w a t e r  through t h e  prepunched hole i n  t h e  t e s t  specimen and of t h e  r e s u l t i n g  
f r a c t u r e  of t h e  specimen. A sequence of photographs of the event i s  shown i n  
f igure  10. haminat ion  of the  s e r i e s  of photographs ind ica tes  a possible  crack 
13.5 microseconds after impact and a d e f i n i t e  crack 27 microseconds after impact. 
Photographs f o r  l a t e r  times show t h e  progress of f rac tur ing  and t h e  erupt ion of 
water from t h e  tank. The impact w a s  made by a 7/32-inch aluminum sphere a t  a 
ve loc i ty  of about 6200 f e e t  per second. Even i f  f r a c t u r e  of the specimen had 
occurred as l a t e  as 27 microseconds (observation of cracks a t  e a r l i e r  times i s  
somewhat obscured by the  water spray),  t h e  aforementioned assumptions a r e  ver i -  
f ied.  Based on t h e  progress of the  shock f r o n t  generated by the  impact, the  
f r o n t  would have advanced only about 2 inches away from t h e  impact point  i n  t h e  
time required far the  specimen t o  f racture .  This would ind ica te  t h a t  only the  
volume of t h e  tank contained within t h e  hemispherical wave f r o n t  of about a few 
inches i s  a f fec ted  by the impact before f rac tur ing  of t h e  specimen has occurred, 
and t h a t  t h e  pressure r i s e  and t h e  r e s u l t i n g  damaging forces  t h a t  cause f r a c -  
t u r i n g  of the  specimen, being l o c a l  phenomena, are  independent of tank s ize  
l a r g e r  than a few inches. 
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To de’iermine whether time t o  f r a c t u r e  i s  s igni f icant ly  d i f f e r e n t  f o r  the  
d i f f e r e n t  thicknesses of specimens, impacts were made i n t o  1/32- and 1/16-inch- 
th ick  s t ressed  specimens of 7075-T6 aluminum while high-speed photographs were 
taken of the  process. Impacts by 7/32-inch aluminum spheres resu l ted  i n  f rac-  
t u r e s  i n  27 and 33 microseconds or less  for t h e  1/32- and 1/16-inch-thick speci- 
mens, respectively.  A sequence of photographs of the impact and t h e  r e s u l t i n g  
f r a c t u r e  of t h e  1/32-inch s t ressed  specimen i s  shown i n  f i g u r e  11. For an i m -  
pac t  i n t o  a s t ressed  1/32-inch-thick specimen of 7075-T6 aluminum on a l iquid-  
n i t rogen-f i l led  tank, f r a c t u r e  w a s  observed 40 microseconds a f t e r  impact. The 
time could have been considerably l e s s ,  but  a f r o s t  l ayer  made de tec t ion  of a 
crack d i f f i c u l t  . 

A s  f u r t h e r  v e r i f i c a t i o n  t h a t  impact conditions a f fec t ing  f r a c t u r e  a r e  es- 
s e n t i a l l y  independent of tank s ize ,  impacts were made i n t o  specimens attached t o  
a tank 25 times l a r g e r  i n  volume than the  0.6-cubic-foot tank used f o r  the  re- 
sults j u s t  discussed. Water w a s  used as the  l iquid.  The r e s u l t s  obtained, 
shown i n  t a b l e  I, indica te  no s igni f icant  e f f e c t  of tank size. The v e l o c i t i e s  
reported i n  t a b l e  I f o r  t h e  impact of nylon spheres i n t o  s t ressed  specimens of 
7075-T6 aluminum on the  two s izes  of tanks a r e  not the c r i t i c a l  or minimum 
values a t  which f r a c t u r e  would occur, but were the  lowest v e l o c i t i e s  a t  which 
i m p a c t s  w e r e  m a d e  and f r a c t u r e s  obtained. The t e s t s  were not continued with 
these  p a r t i c l e s  a t  lower v e l o c i t i e s  because t h e  f r a c t u r e s  obtained were caused 
by the  bending and t e a r i n g  ac t ion  of these p a r t i c l e s  r a t h e r  than by t h e  pressures 
generated i n  t h e  l iqu id ,  with which t h i s  repor t  i s  p a r t i c u l a r l y  concerned. 

Space Hazard 

The e f f e c t s  of meteoroid impacts cannot quant i ta t ive ly  be predicted from 
t h e  r e s u l t s  of t h i s  preliminary inves t iga t ion  because of t h e  r e l a t i v e l y  low 
v e l o c i t i e s  of impact as compared t o  those expected of meteoroids. The results, 
however, ind ica te  t h a t  a possible  hazard t o  l i q u i d - f i l l e d  containers or  com- 
ponents of vehicles  i n  a space environment may e x i s t  i f  they a r e  impacted by 
p a r t i c l e s  of s u f f i c i e n t  energies and ve loc i t ies .  
astrophic f a i l u r e  a r e  generally i n  excess of those required f o r  simple penetra- 
t ions.  A s  a r e s u l t ,  i f  t h e  vehicle  has been designed with a low probabi l i ty  of 
being penetrated,  the  probabi l i ty  of catastrophic  f a i l u r e  from lneteoroid impact 
would be qui te  s m a l l .  

The energies required f o r  ca t -  

SUMMARY OF RESULTS 

The following a r e  the  r e s u l t s  of a preliminary experimental invest igat ion 
of the  e f f e c t s  of impact by s m a l l  high-velocity p a r t i c l e s  i n t o  sheet-metal t e s t  
specimens attached t o  and act ing as w a l l s  of l i q u i d - f i l l e d  tanks: 

1. Catastrophic f r a c t u r i n g  of specimens r a t h e r  than simple puncturing w a s  
obtained on l i q u i d - f i l l e d  tanks when t h e  impact veloci ty  exceeded a c r i t i c a l  
value, which i s  dependent on p a r t i c l e  s ize ,  p a r t i c l e  density and/or material ,  
specimen mater ia l  and thickness, i n i t i a l  s t a t i c  s t r e s s  l e v e l  i n  t h e  specimen be- 
fore  impact, and l i q u i d  contained i n  the  tank. 
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2. Impacts i n t o  p a r t l y  f i l l e d  tanks, where the  l i q u i d  l e v e l  w a s  only s l i g h t -  
l y  above the  impact point,  resu l ted  i n  f a i l u r e s  similar t o  those obtained on com- 
p l e t e l y  f i l l e d  tanks. 

pacts  by low-velocity deformable p r o j e c t i l e s  (nylon spheres), because of bending 
and tear ing,  r a t h e r  than t h e  smooth puncturing of the tank walls. High-velocity 
impacts by these p r o j e c t i l e s  i n t o  gas-pressurized tanks, on the  other hand, re-  
su l ted  i n  smoothly-punctured holes  and no f rac tur ing  of the  w a l l s .  

3. Catastrophic f rac tur ing  of gas-pressurized tanks a l s o  resu l ted  from im- 

4. Tank w a l l s  of AIS1 301 s t a i n l e s s  s t e e l  i n i t i a l l y  s t ressed  t o  the  y i e l d  
s t r e s s  by the  contained water were more r e s i s t a n t  t o  f r a c t u r e  from the  addi t ional  
s t r e s s e s  induced by the  impacting p a r t i c l e  than w a l l s  of 2014-T6 and 7075-T6 alu- 
minum of the  same thickness. No f r a c t u r e s  of the  w a l l s  made of the s t a i n l e s s  
s t e e l  were obtained within the  c a p a b i l i t i e s  of the  gun used. 

5. Ef fec ts  of compressibil i ty of the contained l i q u i d  on f rac tur ing  of 
specimens were obtained and found t o  be s iaa l l .  Only s l i g h t l y  higher impact 
v e l o c i t i e s  were required t o  f r a c t u r e  specimens on tanks containing glycer in  
(about one-half as compressible as water) than t o  f rac ture  specimens on water- 
f i l l e d  tanks. 

6. The combined e f f e c t s  of lower l i q u i d  temperature and grea te r  compressi- 
b i l i t y  on t h e  impact ve loc i ty  required t o  f rac ture  t h e  7075-T6 aluminum speci- 
mens were a l s o  found t o  be small. 
nitrogen-f i l l e d  tanks. The resu l t ing  f rac tures ,  however, were more severe than 
those obtained on water - f i l l ed  tanks. 

This w a s  determlned from matts i n t o  l iqu id-  

7. The pressure pulses  generated i n  t h e  water-f i l led tanks by the  impacting 
p a r t i c l e s  were l a r g e  but  decayed rapidly and approached ambient pressures within 
about 5 inches from t h e  point  of impact. 
per square inch were generated as close t o  t h e  impact point as 0.6 inch. 

Pressures i n  excess of 100,000 pounds 

8. The shock f r o n t  generated i n  t h e  water - f i l l ed  tank t rave led  only a few 
inches from the point of impact before f r a c t u r e  of the tank w a l l  occurred. Frac- 
t u r e s  of the  tank w a l l  occurred between 27 and 40 microseconds a f t e r  impact. For 
t h e  thicknesses of mater ia ls  investigated,  t h e  pressure pulse generated i n  water 
and the  r e s u l t i n g  forces  contributing t o  t h e  i n i t i a l  f r a c t u r e  of t h e  tank w a l l s  
were l o c a l  phenomena and were independent of tank s ize  grea te r  than a few inch 
radius. A s  f u r t h e r  ver i f ica t ion ,  impacts were made i n t o  two s i z e s  of water- 
f i l l e d  tanks whose volumes d i f f e r e d  by a r a t i o  of 25; there  w a s  no s igni f icant  
e f f e c t  of tank size. 

9. This inves t iga t ion  indicated t h a t ,  although p a r t i c l e s  of s u f f i c i e n t  
ve loc i ty  and energy can r e s u l t  i n  catastrophic  f a i l u r e  of l i q u i d - f i l l e d  tanks, 
t h e  energy required f o r  such f a i l u r e s  i s  generally considerably i n  excess of t h a t  
required f o r  simple penetration. A s  a r e s u l t ,  t h e  probabi l i ty  of catastrophic  
f a i l u r e  from meteoroid impact i s  qui te  small i f  the  vehicle has been designed 
with a low p r a b a b i l i t y  of being penetrated by meteoroids. 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, January 26, 1963 
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Figure 2, - Cylindrical steel t anks  used in investigation of fracture by 
high-velocity particles. 
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Figure 3. - Transparent p l a s t i c  tank with impacted f ron t  face of 
1/32-inch-thick 7075 -T6 aluminum. 
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